The thioredoxin system plays a central role in the intracellular redox maintenance in the majority of cells. The canonical system consists of an NADPH-dependent thioredoxin reductase (TrxR) and thioredoxin (Trx), a disulfide reductase. Although Trx is encoded in almost all sequenced genomes of methanogens, its incorporation into their unique physiology is not well understood. Methanosarcina acetivorans contains a single TrxR (MaTrxR) and seven Trx (MaTrx1-MaTrx7) homologues. We previously showed that MaTrxR and at least MaTrx7 compose a functional NADPH-dependent thioredoxin system. Here, we report the characterization of all seven recombinant MaTrxs. MaTrx1, MaTrx3, MaTrx4 and MaTrx5 lack appreciable disulfide reductase activity, unlike previously characterized MaTrx2, MaTrx6 and MaTrx7. Enzyme assays demonstrated that, of the MaTrxs, only the reduction of disulfide-containing MaTrx7 is linked to the oxidation of reduced coenzymes. NADPH is shown to be supplied to the MaTrxR-MaTrx7 system through the oxidation of the primary methanogen electron carriers F 420 H 2 and ferredoxin, indicating that it serves as a primary intracellular reducing system in M. acetivorans. Bioinformatic analyses also indicate that the majority of methanogens likely utilize an NADPH-dependent thioredoxin system. The remaining MaTrxs may have specialized functions. MaTrx1 and MaTrx3 exhibited thiol oxidase activity. MaTrx3 and MaTrx6 are targeted to the membrane of M. acetivorans and likely function in the formation and the reduction of disulfides in membrane and/or extracellular proteins, respectively. This work provides insight into the incorporation of Trx into the metabolism of methanogens, and this reveals that methanogens contain Trx homologues with alternative properties and activities.
INTRODUCTION
The strictly anaerobic, methane-producing archaea (methanogens) are the only cellular organisms capable of biological methane production (methanogenesis), an important step in the global carbon cycle [1, 2] . Methanogens are ubiquitous microbes, found in diverse environments ranging from the human gastrointestinal tract to the Antarctic [2, 3] . No matter the environment, significant methane production by methanogens only occurs under strictly anaerobic conditions due to the requirement of a large number of redoxsensitive enzymes, coenzymes and cofactors for methanogenesis [4] . Thus, methanogens require an intracellular electron transfer system(s) to maintain a reduced intracellular environment. Although the enzymes and factors involved in energy-conserving electron transfer reactions during methanogenesis have been fairly well-characterized [2, 4, 5] , the enzymes and factors involved in intracellular electron transfer for redox maintenance, biosynthesis and protection from oxidative stress are less understood.
Thiol-disulfide oxidoreductases play a central role in the intracellular redox maintenance of cells. In particular, the vast majority of cells rely on thioredoxin (Trx), a small (~12 kDa) thiol-disulfide oxidoreductase, to maintain a reduced intracellular environment [6] . The canonical thioredoxin system consists of a thioredoxin reductase (TrxR), which uses reducing equivalents from NADPH, generated from metabolism, to reduce the active site cysteines within a CXXC motif of Trx. Trx primarily catalyses the reduction of disulfides, but it can also provide reductant for other enzymes. As such, Trxs are typically capable of reducing disulfides in a diverse number of proteins and are involved in physiological processes, in addition to general redox maintenance and protection during oxidative stress [7] . For example, Trx provides reducing equivalents to biosynthetic enzymes, such as ribonucleotide reductase [7] . There are a number of more complex and specialized Trx-related systems. In particular, many cells also contain glutaredoxin (Grx), in addition to Trx. Grx is structurally and functionally similar to Trx, but it receives reducing equivalents from glutathione that is reduced by an NADPH-dependent glutathione reductase [8] . However, the glutaredoxin system is primarily found in aerobes and is typically not present in strict anaerobes [8] . Methanogens do not contain glutathione, indicating the lack of a functional glutaredoxin system [9] [10] [11] . Recent evidence showed that Trx homologues are present in almost every sequenced methanogen genome, indicating that Trx is likely the primary thiol-disulfide oxidoreductase involved in redox maintenance in methanogens [12, 13] . Indeed, Trx was shown to target a large number of proteins, including those involved in methanogenesis, in the methanogen Methanocaldococcus jannaschii [13] . Yet, how Trx is assimilated into the metabolism of methanogens, in particular, the enzyme(s) and coenzyme(s) involved in providing reducing equivalents to Trx, is less understood. Importantly, NADPH is not directly generated by methanogenesis. Instead, reduced coenzyme F 420 H 2 , a 5¢-deazaflavin derivative, and reduced ferredoxin are produced during methanogenesis [2, 4] . Methanogens may therefore directly use F 420 H 2 and/or reduced ferredoxin to provide reducing equivalents to Trx or alternatively generate NADPH from the oxidation of F 420 H 2 and ferredoxin.
Previous work by our group has demonstrated that the methanogen, Methanosarcina acetivorans, contains seven Trx homologues (MaTrx1-MaTrx7) and a single TrxR (MaTrxR). Recombinant MaTrx2, MaTrx6 and MaTrx7 have catalytic disulfide reductase activity, and recombinant MaTrxR is specific for NADPH as an electron donor [12] . Of the three characterized MaTrxs, only MaTrx7 was reduced by MaTrxR, indicating that M. acetivorans possesses a canonical Trx system composed of NADPH, MaTrxR and at least MaTrx7. Here, we report the characterization of all seven MaTrxs, including reduction by MaTrxR, analyses of electron donors and alternative activities. Results support that the NADPH-dependent thioredoxin system, composed of MaTrxR-MaTrx7, is likely the general intracellular reducing system in M. acetivorans. Bioinformatic analyses indicate that the majority of methanogens contain an NADPH-dependent TrxR, suggesting that the canonical Trx system is used by the majority of extant methanogens. The remaining MaTrxs likely have specialized functions, including two (MaTrx3 and MaTrx6) that are associated with the membrane of M. acetivorans.
METHODS

Cloning of M. acetivorans Trx homologue genes
The genes encoding MA_RS05020 (MaTrx1), MA_RS19290 (MaTrx3), MaTrx3DSp (deletion of signal peptide amino acids 1-34), MA_RS20550 (MaTrx4) and MA_RS20570 (MaTrx5) were cloned into the Escherichia coli expression vector pET28a as previously described for MaTrx2, MaTrx6, MaTrx6Dsp and MaTrx7 [12] . Plasmids containing matrx1, matrx3, matrx3DSp, matrx4 and matrx5 were verified by DNA sequencing and named pDL342, pDL343, pDL344, pDL345 and pDL346, respectively.
Purification of recombinant proteins
Proteins were expressed in E. coli Rosetta DE3 (pLacI) transformed with pDL342, pDL343, pDL344, pDL345 or pDL346. Each E. coli expression strain was grown in Luria broth medium and protein expression was induced with 500 µM IPTG at OD 600 of 0.5-0.7. The induced cultures were incubated at 25 C for 16 h. The cells were harvested, and recombinant protein was purified as described previously [12] , except that the His 6 tag could not be cleaved from MaTrx4. Purified recombinant protein was stored in buffer A [50 mM Tris and 150 mM NaCl (pH 7.
2)] at À80 C.
Generation of oxidized and reduced MaTrxs
MaTrxs were incubated anaerobically at 25 C for 20 min in buffer A containing a 10 : 1 molar excess of either H 2 O 2 or DTT, to generate oxidized MaTrx (MaTrx ox ) and reduced MaTrx (MaTrx red ), respectively. After incubation, residual H 2 O 2 or DTT was removed by buffer exchange with an NAP-5 column (GE Healthcare). The number of thiols were quantified in each MaTrx sample using 5,5¢-dithiobis(2-nitrobenzoic acid) (DTNB). The standard assay contained 175 µM DTNB in buffer A and MaTrx (5-60 µM). After 15 min of anaerobic incubation, the absorbance at 412 nm was used to calculate the thiol concentration using " 412 =14 150 M À1 cm À1 [14] . MaTrx ox samples were analysed by non-reducing 15 % SDS-PAGE for the presence of oligomers due to the formation of intermolecular disulfides.
Enzyme activity assays with M. acetivorans cellfree lysate M. acetivorans was grown in high-salt medium supplemented with 125 mM methanol and 0.025 % Na 2 S (w/v) to an OD 600 of 0.75 [15] . Unless stated otherwise, all subsequent manipulations were done inside an anaerobic chamber (Coy Laboratories). Cells were harvested by centrifugation for 10 min at 16 000 g and 10 C. The cell pellet was resuspended in buffer A supplemented with protease inhibitors (1 mM benzamidine and 1 mM PMSF). Cell suspensions were stored at À80 C in anaerobic vials. Cell suspensions were thawed on ice and sonicated to lyse cells. Cell lysate was clarified by centrifugation at 16 000 g for 10 min at 25 C and the soluble fraction was stored at À80 C in anaerobic vials.
F 420 H 2 : NADP oxidoreductase (Fno) activity in M. acetivorans cell lysate was determined by measuring the NADPdependent oxidation of F 420 H 2 . F 420 , provided by Dr Lacy Daniels (Texas A&M University, Kingsville, TX, USA), was chemically reduced to F 420 H 2 using sodium borohydride as previously described [16] . Fno activity assays were performed in buffer A containing M. acetivorans lysate (100 µg total protein) and 70 µM F 420 H 2 . After equilibration, reactions were initiated by the addition of 1 mM NADP or an equivalent volume of buffer A as a control. The oxidation of F 420 H 2 was monitored at 420 nm for 10 min. [17] .
To test for the presence of a functional ferredoxin : NADP reductase (Fnr), CO-dependent reduction of NADP by M. acetivorans was assayed. Lysate was prepared from acetategrown cells as described above. To exclude the possibility of F 420 mediating electron transfer between ferredoxin and NADP [18] , low molecular weight compounds were removed from the lysate by two consecutive sixfold concentration and dilution steps using buffer A with a 10 kDa cutoff Nanosep spin column (Pall Corporation). Cell lysate was pre-incubated with either CO or N 2 by transferring lysate to a 2 ml serum vial and flushing the headspace with CO or N 2 for 2 min, followed by incubation on ice for 30 min. Assays were performed in a sealed quartz cuvette containing 400 µl of buffer A with a headspace of either N 2 or CO. Lysate (100 µg) was added to the cuvettes and reactions were initiated by the addition of 500 µM NADP to each sealed cuvette. The amount of NADPH produced over time was determined using " 340 =6220 M À1 cm
À1
. 
MaTrx activity assays
Disulfide reductase activity of each MaTrx was measured with DTT as an electron donor and insulin as the substrate as previously described [12] . Specific activity is reported as DA 650 min À2 mg À1 Â10 À3 after subtraction of the background rate of insulin reduction by DTT alone.
Disulfide isomerase and thiol oxidase activity of MaTrxs was determined using bovine pancreatic RNase A (Amresco) as a substrate. Reduced RNase A (rRNaseA) was specifically used as the substrate to measure thiol oxidase activity, and it was generated as previously described [19] , except that 20 mg of RNase A was brought into an anaerobic chamber and dissolved in 2 ml of 6 M guanidine HCl, 2 mM EDTA, 50 mM Tris/HCl (pH 9.0) and 0.2 M DTT. After 2 h of incubation, the rRNaseA was buffer-exchanged into buffer A using a PD-10 column (GE Healthcare) and stored in sealed vials at À80 C. Scrambled RNase A (scRNaseA) was used as the substrate to measure disulfide isomerase activity and was generated as described previously [20] . The in vitro refolding of rRNaseA and scRNaseA to generate active RNase A was performed as previously described [19] . Briefly, refolding buffer contained 5 µM rRNaseA or scRNaseA, 1 mM GSH and 1.11 mM GSSG yielding a redox potential of À150 mV based on the Nernst equation. E. coli DsbA was used as a positive control and was provided as a gift by Dr James Bardwell (University of Michigan, Ann Arbor, MI, USA). RNase refolding assays contained 20 µM DsbA or MaTrx1-MaTrx7. All refolding assays were performed in triplicate for 3 min at 15 C and RNase A activity after incubation with DsbA or MaTrx1-MaTrx7 was compared to activity recovered in refolding buffer alone to account for non-enzymatic disulfide formation or rearrangement due to GSH/GSSG. RNase A activity was determined by monitoring the amount of RNA degraded over time using the methylene blue assay as previously described [21] . The RNA substrate was prepared by dissolving 100 mg of Torula yeast RNA (Sigma) in 10 ml of anaerobic 0.1 M MOPS/HCl (pH 7.5) and 2 mM EDTA (buffer B). Preparation of methylene blue binding buffer was done by adding 1 mg of methylene blue to 100 ml of anaerobic buffer B and the absorbance at 688 nm was adjusted to 0.5±0.02 with buffer B. A standard curve of methylene blue bound to RNA was generated using a range of 0-1000 µg of RNA, and the absorbance at 688 nm was determined. The Excel kinetics modelling add-in was used to obtain the maximum absorbance change (V max ) and the concentration of RNA needed to obtain ½V max (K m ). The Michaelis-Menten equation was used to calculate the concentration of RNA (S) at a given absorbance (V).
Generation of M. acetivorans strains expressing FLAG-tagged MaTrx3 or MaTrx6 for localization analysis PCR was used to amplify matrx3, maTrx3DSp, matrx6 and maTrx6DSp. Each forward primer contained a 5¢ NdeI site and each reverse primer encoded a C-terminal FLAG tag followed by a HindIII site. The PCR product was digested with NdeI and HindIII and ligated with similarly digested pJK027A [22] . The resulting plasmids containing matrx3-FLAG, maTrx3DSp-FLAG, matrx6-FLAG and maTrx6DSp-FLAG were named pDL350, pDL353, pDL348 and pDL349 respectively. M. acetivorans strain WWM73 was transformed with pDL350, pDL353, pDL348 and pDL349 as described previously [23] . Successful integration of the plasmid into the chromosome of each strain was determined as previously described [22] , and the resulting strains were named DJL80 (MaTrx6-FLAG), DJL81 (MaTrx6DSp-FLAG), DJL82 (MaTrx3-FLAG) and DJL83 (MaTrx6DSp-FLAG). These strains allow the tetracycline-inducible chromosomal expression of each MaTrx-FLAG.
Immunodetection of FLAG-tagged MaTrx3 and MaTrx6 in membrane and soluble fractions of M. acetivorans strains Cultures of strains DJL80-DJL83 were grown in high-salt medium (100 ml) supplemented with 125 mM methanol and 0.025 % Na 2 S (w/v). Tetracycline (100 µg ml À1 ) was added where indicated to induce expression of the MaTrx-FLAG in each strain. The cells were harvested by centrifugation when the OD 600 reached 0.5-0.75. Pelleted cells were resuspended in a volume of buffer A containing 1 mM benzamidine and 1 mM PMSF, and they were normalized based on OD 600 . Cell suspensions were stored in microfuge tubes at À80 C.
Methanogen cell membrane and soluble (cytoplasmic) fractions were separated in a manner similar to that described previously [24] . Frozen cells of strains DJL80-DJL83 were lysed by five freeze/thaw cycles. After lysis, 10 units of RQ1 DNase 1 (Promega) was added to each tube and incubated at 37 C for 25 min, followed by centrifugation at 10 500 g for 5 min at 10 C. The supernatant was removed and centrifuged a second time. The supernatant (soluble fraction) was removed and membranes were pelleted by centrifugation at 70 000 g for 1 h at 10 C in 1.5 ml safe-lock Eppendorf tubes. The pellet (membrane fraction) was washed in 500 µl of 25 mM Tris (pH 7.5). Both the membrane fraction and the soluble fraction were separately centrifuged a second time at 70 000 g for 1 h at 10 C to further remove contaminating proteins from each fraction. The supernatant was removed from the centrifuged soluble fractions and was used as the final soluble fraction for each strain. The pellet from each centrifuged membrane fraction was resuspended in a small volume of 25 mM Tris, 8 M urea (pH 7.5), then diluted to 150 µl with 25 mM Tris (pH 7.5) and was used as the final membrane fraction for each strain. Total protein was quantified for all fractions using the Bradford assay with BSA as a standard. For detection of each MaTrx-FLAG by Western blot, identical amounts of protein for the membrane fractions and soluble fractions of strains DJL80/ DJL81 and DJL82/DJL83 were analysed by 15 % SDS-PAGE. Protein was transferred to a PVDF membrane and Western blotting was performed using standard protocols using an a-FLAG tag primary antibody (Rockland Immunochemicals) and an HRP-conjugated secondary antibody (Promega). An enhanced chemiluminescent substrate (Thermo Scientific) was used for detection.
Determination of the cytochrome c content of membrane fractions M. acetivorans strains DJL80-DJL83 were grown with methanol to late log phase, cells were harvested and membrane fractions were generated as described above. The production of the previously detected 25 kDa cytochrome c in M. acetivorans [25] was quantified by SDS-PAGE analysis followed by densitometry of bands in haemstained gels, similar to that previously described [26] . Loaded samples (26 µg) were normalized based on total protein. SDS-PAGE analysis was carried out on 15 % polyacrylamide gels run at 90 V at 10 C. Gels were stained for covalently bound haem using o-dianisidine as previously described [27] . Due to observed differences in staining efficiencies between gels, the cytochrome c content of membrane fractions from each strain grown under noninducing and inducing conditions was compared in a single gel. Each gel was loaded with duplicate samples of membrane fractions generated from two independent cultures for each condition (total samples=4). Gels were imaged using a UMAX Powerlook 2100XL tri-linear CCD scanner at 400 dpi. Intensity of the band corresponding to the 25 kDa cytochrome c was determined using ImageJ. Using the method described by Gassmann et al. [28] , only the central 30 % of the band was used to calculate intensity. For comparison, the intensity of cytochrome c determined in membrane fractions of each non-induced culture was set to 100 arbitrary units.
RESULTS
Analysis of MaTrx disulfide reductase activity and reduction by MaTrxR Recombinant MaTrx1, MaTrx3Dsp, MaTrx4 and MaTrx5 were each purified to homogeneity as described for recombinant MaTrx2, MaTrx6Dsp and MaTrx7 [12] . Each MaTrx was assayed for disulfide reductase activity with insulin as a substrate. Unlike MaTrx2, MaTrx6Dsp and MaTrx7, none of the additional MaTrxs exhibited significant insulin disulfide reductase activity (Fig. 1) . Although MaTrx3Dsp exhibited low activity, it is likely not physiologically relevant when compared to the activities of MaTrx2, MaTrx6Dsp and MaTrx7.
Using insulin disulfide reduction assays, MaTrxR was previously shown to reduce MaTrx7, but not MaTrx2 or MaTrx6Dsp [12] . The lack of insulin disulfide reduction by MaTrx1, MaTrx3Dsp, MaTrx4 and MaTrx5 occludes using the insulin reduction assay. Thus, MaTrxs with active site disulfides were generated to test as substrates for MaTrxR. H 2 O 2 was used to generate MaTrxs with oxidized active site cysteines (MaTrx ox ). With the exception of MaTrx1, the number of thiols per monomer for each MaTrx ox was close to zero (Table 1) , consistent with complete thiol oxidation. MaTrx1 contains four cysteines, unlike the other MaTrxs, and the data indicate that at least two of these cysteines cannot be oxidized by H 2 O 2 . This is possibly due to these cysteines being inaccessible (i.e. buried in the protein) to H 2 O 2 . Importantly, non-reducing SDS-PAGE of each MaTrx ox showed that each protein was monomeric (Fig. 2) ). All assays with other oxidized MaTrxs did not result in activity that was statistically significantly above the background. The addition of MaTrx7 red to cell lysate also did not result in the significant oxidation of either NADPH or F 420 H 2 , confirming that oxidation of both electron donors was due to the reduction of the disulfide in MaTrx7 ox . These data indicate that reduction of the other MaTrxs is not linked to the oxidation of NADH, NADPH or F 420 H 2 . Since both NADPH and F 420 H 2 were oxidized by the addition of MaTrx7 ox to cell lysate, it is possible that MaTrx7 ox is reduced by an unknown enzyme that directly oxidizes F 420 H 2 . More likely, the oxidation of F 420 H 2 to generate NADPH needed by MaTrxR is mediated by the Fno homologue (MA_RS22115) encoded in the genome of M. acetivorans. The addition of recombinant MaTrxR to cell lysate resulted in a fivefold increase in the rate of MaTrx7 ox -dependent F 420 H 2 oxidation (787±60 pmol min À1 mg À1 ), consistent with the transfer of reducing equivalents from F 420 H 2 to MaTrx7 ox involving MaTrxR and therefore NADPH. Overall, these results confirm that the in vivo reduction of MaTrx7 ox is dependent on MaTrxR, and link the production of NADPH to the oxidation of F 420 H 2 , through the activity of Fno, presumably the product of the MA_RS22115 gene.
M. acetivorans can generate NADPH for MaTrxR from the activities of Fno and Fnr
The results from the incubation of MaTrx7 ox with cell lysates indicate that NADPH is produced by the oxidation , revealing the presence of a functional Fno. During growth of M. acetivorans with acetate and CO, ferredoxin is the primary electron carrier [1, 29] . Thus, M. acetivorans would likely need to generate NADPH for MaTrxR from the oxidation of ferredoxin. MA_RS19715-MA_RS19720 in the genome of M. acetivorans encode a homologue of a twosubunit Fnr, similar to NfnAB from clostridia [30] . COdependent reduction of NADP by cell lysates, as described in Methods, was used to examine for the presence of Fnr activity in M. acetivorans. Carbon monoxide dehydrogenase from Methanosarcina oxidizes CO to CO 2 with the concomitant reduction of ferredoxin [31, 32] . An approximately threefold higher rate of NADP reduction was observed when M. acetivorans cell lysates were provided CO compared to N 2 as a control (Fig. 3) . These data reveal that M. acetivorans can generate NADPH by the oxidation of F 420 H 2 or reduced ferredoxin.
The majority of sequenced methanogens encode NADPH-dependent TrxR, Fno and Fnr To assess the prevalence of an NADPH-dependent thioredoxin system in methanogens, we analysed sequenced methanogen genomes currently available in the NCBI database for the presence of TrxR, Fno and Fnr. Using MaTrxR as a BLAST search query, a TrxR homologue with >30 % identity and >70 % coverage was found in 64 of the 75 analysed methanogen genomes (83 %). Table S1 (available in the online Supplementary Material) shows the prevalence of TrxR among methanogens at the genus level. We next assessed the electron donor preference of the methanogen TrxR homologues by aligning the active site region of the 64 sequences (Fig. S1 ) and examining them for the presence of the NADPH-binding motifs GXGXXA [33] and VXXXHRRRDXXRA, an arginine-rich sequence found in E. coli TrxR [34] . Characterized archaeal, bacterial and eukaryotic TrxRs which have the consensus GXGXXA motif can accept reducing equivalents from NADPH [35] [36] [37] [38] [39] . However, the TrxR from the archaeon Thermoplasma acidophilum lacks the consensus GXGXXA motif and cannot accept reducing equivalents from NADPH even though it can reduce T. acidophilum Trx [34] . The physiological electron donor to T. acidophilum TrxR is unknown. Thus, conservation of the GXGXXA motif appears critical to the ability of TrxR to use NADPH as an electron donor. The GXGXXA motif is present in 55 of the 64 methanogen TrxR homologues (86 %) (Fig. S1) , indicating that the majority of methanogens contain an NADPH-dependent TrxR. However, the GXGXXA motif is not conserved in TrxR homologues from certain methanococci. Thus, NADPH is likely not the electron donor to TrxR in a small subset of the methanogens. Using M. acetivorans MA_RS22115 (Fno), a BLAST search of methanogen genomes revealed that all TrxR-containing methanogens encode a homologue of Fno (Table S1 ). Likewise, using M. acetivorans MA_RS19715 (Fnr), a BLAST search of methanogen genomes revealed that all TrxR-containing methanogens, with the exception of species of the genera Methanothermus and Methermicoccus, encode a homologue of Fnr (Table S1 ). These data suggest that all methanogens have the ability to direct reducing equivalents generated from methanogenesis (F 420 H 2 and reduced ferredoxin) to an NADPH-dependent thioredoxin system.
MaTrx1 and MaTrx3 have thiol oxidase activity similar to E. coli DsbA A number of Trx-like proteins are involved in activities other than disulfide reduction, including protein disulfide isomerase and disulfide-forming (thiol oxidase) activities [40] . For example, DsbA is a Trx-like protein found in the periplasm of E. coli that is capable of both rearranging (disulfide isomerization) and forming disulfides by the oxidation of thiols in proteins [41] . Thus, since four of the seven MaTrxs lack insulin disulfide reductase activity but appear capable of thiol-disulfide exchange, the MaTrxs were tested for disulfide isomerase and thiol oxidase activities using RNase as a substrate. RNase requires disulfides in the correct configuration for activity; thus, RNase with incorrect disulfides (scrambled) and RNase with thiols (reduced) can be used as substrates to measure the disulfide isomerase and thiol oxidase activities, respectively [19] . In comparison to E. coli DsbA, which was included as a positive control, none of the MaTrxs exhibited statistically significant disulfide isomerase activity with scrambled RNase above the control level determined with buffered GSH/GSSG alone (Fig. 4a) . However, both MaTrx1 and MaTrx3Dsp showed statistically significant thiol oxidase activity with reduced RNase, with the activity of MaTrx3Dsp comparable to that of DsbA (Fig. 4b) . These data reveal that MaTrx1 and MaTrx3 are thiol-disulfide oxidoreductases, but they likely serve as thiol oxidases to form disulfides rather than reduce disulfides, similar to DsbA. The enzymatic activities of MaTrx4 and MaTrx5 are unknown.
MaTrx3 and MaTrx6 contain a signal peptide that localizes each protein to the membrane of M. acetivorans Both MaTrx3 and MaTrx6 contain an N-terminal signal peptide predicted to target each protein across the membrane of M. acetivorans [12] . Consistent with this prediction, expression of recombinant MaTrx3 and MaTrx6 in E. coli results in accumulation of each protein primarily in the insoluble fraction, whereas expressions of recombinant MaTrx3Dsp and MaTrx6Dsp are found in the soluble fraction of E. coli lysates (data not shown). To examine the importance of the signal peptide to the localization of MaTrx3 and MaTrx6 directly in M. acetivorans, strains were generated capable of expressing MaTrx3, MATrx3Dsp, MaTrx6 or MaTrx6Dsp with a C-terminal FLAG tag (MaTrx-FLAG) to allow immunodetection by Western blot. Strain DJL80 contains MaTrx6-FLAG, strain DJL81 contains MaTrx6Dsp-FLAG, strain DJL82 contains MaTrx3-FLAG and strain DJL83 contains MaTrx3Dsp-FLAG. Growth of each strain under inducing conditions (+ tetracycline) did not alter growth rate or yield but led to the immunodetection of a protein consistent with the predicted molecular weight of each MaTrx-FLAG that was absent in cells grown under non-inducing conditions (data not shown). These data indicate that each MaTrx-FLAG is expressed and does not alter the general growth of each strain. Therefore, lysate from induced cells of each strain was separated by centrifugation into soluble and membrane fractions, followed by Western blot analysis using anti-FLAG antibodies. MaTrx6Dsp-FLAG was only detected in the soluble fraction of DJL81 cells, whereas MaTrx6-FLAG was detected in both the membrane and soluble fractions of DJL80 cells (Fig. 5a) . Similarly, MaTrx3Dsp-FLAG was only detected in the soluble fraction of DJL83 cells, whereas MaTrx3-FLAG was detected in both the membrane and soluble fractions of DJL82 cells (Fig. 5b) . These results demonstrate that the N-terminal signal peptide of MaTrx6 and MaTrx3 directs each protein to the membrane of M. acetivorans. This is the first evidence of membrane-localized Trx homologues in a methanogen.
Expression of FLAG-tagged MaTrx3 and MaTrx6 alters the level of cytochrome c in M. acetivorans Among methanogens, homologues of MaTrx3 and MaTrx6 are restricted to Methanomicrobia [12] , the only methanogens that contain cytochromes, including cytochrome c [2] . In other organisms, extracellular and membrane-associated Trx-like proteins serve key roles in the maturation of cytochrome c, which has haem covalently attached to thiols of cysteines typically within a CXXCH motif [26, 42] . Thus, to provide initial insight into the potential for MaTrx3 and MaTrx6 to play a similar role in M. acetivorans, the effect of the increased expression of FLAG-tagged MaTrx3 and MaTrx6 on the level of cytochrome c was examined in M. acetivorans strains DJL80-DJL83. The genome of M. acetivorans encodes three predicted cytochrome c proteins, two of which have been experimentally detected [25] . A 25 kDa cytochrome c is produced during growth with methanol or acetate and a 55 kDa cytochrome c is produced only during growth with acetate [25] . The effect of the expression of FLAG-tagged MaTrx3 and MaTrx6 on the level of the 25 kDa cytochrome c in methanol-grown cells was determined by densitometry of bands in haem-stained SDS-PAGE gels. Gels were loaded with the membrane fraction of cells grown under conditions that do not induce (À tetracycline) or induce (+ tetracycline) expression of each FLAG- (Table 2) , which express MaTrx6Dsp-FLAG or MaTrx3Dsp-FLAG in the cytoplasm, respectively. In contrast, the membrane fraction of induced DJL80 cells that express MaTrx6-FLAG, shown to localize to the membrane (Fig. 5) , contains approximately 50 % less cytochrome c than non-induced cells of DJL80. Furthermore, the membrane fraction of induced cells of DJL82 that express MaTrx3-FLAG, also shown to localize to the membrane (Fig. 5) , contains approximately 50 % more cytochrome c than non-induced DJL82 cells. Thus, the expression of membrane-localized MaTrx3-FLAG and MaTrx6-FLAG alters the level of the haem-containing 25 kDa cytochrome c in M. acetivorans. However, altered cytochrome c content as a result of indirect effects, such as changes in membrane protein content due to the presence of MaTrx3-FLAG and MaTrx6-FLAG, cannot be ruled out though it is important to note that expression of MaTrx6-FLAG had an opposite effect on the level of cytochrome c (decreased), compared to expression of MaTrx3-FLAG, which resulted in an increase in cytochrome c. This difference indicates that the catalytic activities of MaTrx6 (disulfide reductase) and MaTrx3 (thiol oxidase) may play a role in the altered cytochrome c levels.
DISCUSSION
The majority of sequenced methanogens encode a TrxR homologue, and all methanogens, with the exception of Methanopyrus kandleri, contain at least one Trx homologue, underscoring the importance of the thioredoxin system to methanogen physiology [12, 13] . Among methanogens, Methanosarcina species encode the highest number of Trx homologues (six to eight) yet typically encode a single TrxR homologue [12] . Results from the biochemical characterization of MaTrxR and MaTrx1-MaTrx7 in this study confirm that NADPH-dependent MaTrxR is specific for MaTrx7 [12] and reveal that the remaining MaTrxs have distinct properties and, thus, likely different functions. The model shown in Fig. 6 illustrates the proposed role(s) of the MaTrxs in M. acetivorans. MaTrx7 appears to be the primary intracellular reducing Trx in M. acetivorans. MaTrx7 is the only MaTrx reduced by MaTrxR, and experiments with cell lysates support the in vivo reduction of MaTrx7 by 
cyt c, Cytochrome c. *The levels of cyt c were determined by densitometry of haem-stained SDS-PAGE gels. Gels were loaded with replicate samples of normalized membranes purified from two independent cultures. The amount of cyt c produced in non-induced cells (Àtetracycline) is set to 100 arbitrary units. †Significantly different from the level of cyt c in non-induced cells (À tetracycline), P 0.05 (t-test).
MaTrxR. Reducing equivalents can be provided during methanogenesis with all growth substrates used by M. acetivorans through Fno and/or Fnr activities (Fig. 6) , supporting the assimilation of an NADPH-dependent thioredoxin system into the physiology of M. acetivorans. The proteins targeted for reduction by MaTrx7 in M. acetivorans are largely unknown. However, MaTrx7 was shown to reduce the disulfides in the redox-sensitive transcription repressor MsvR, which activates DNA binding [43] . Moreover, recent results from a MaTrx7 pull-down experiment reveal that MaTrx7 is capable of reducing disulfides in several hundred M. acetivorans proteins (unpublished results), consistent with MaTrx7 serving as a general disulfide reductase. Thus, the NADPH-dependent MaTrxR-MaTrx7 system likely serves as a general reducing system in M. acetivorans.
Results from comparative bioinformatic analyses also indicate that the TrxR homologue in the majority of methanogens, with the exception of a subset of methanococci, is likely specific for NADPH. Thus, an NADPH-dependent thioredoxin system is likely used by the majority of methanogens. One potential benefit of using NADPH to directly reduce TrxR, instead of the primary methanogenesis electron carrier F 420 or ferredoxin, is to provide specificity and to minimize competition for reducing equivalents needed for energy conservation. This separation of electron donors is similar to that used by the vast majority of cells, which use NADH for catabolism and NADPH for anabolism. However, some species from deeper methanogen lineages (e.g. Methanocaldococcus jannaschii) may use F 420 H 2 or ferredoxin directly to reduce Trx, as these methanogens lack the conserved NADPH-binding site in the encoded TrxR homologue. Indeed, during review of this manuscript, it was demonstrated that F 420 H 2 serves as the electron donor to M. jannaschii TrxR, which in turn reduces functional Trx1 [44] . CcdA? Recent evidence has also revealed that methanogens contain additional Trx-related proteins that function in intracellular redox physiology. In M. acetivorans, ferredoxin : disulfide reductase (Fdr), a protein homologous to ferredoxin : thioredoxin reductase (Ftr) from plants, can reduce protein disulfides with reducing equivalents provided directly from ferredoxin [45] . In the same study, Fdr was shown to be incapable of reducing MaTrx2, the only intracellular MaTrx other than MaTrx7 with disulfide reductase activity. More recently, Fdr from Methanosarcina barkeri was shown to be specific for NrdH, a Trx-like protein, which reduces the active site disulfide in the unusual anaerobic ribonucleotide reductase NrdD found in some methanogens [46] . The Fdr-NrdH system is not ubiquitous in methanogens, and it appears to be an intracellular reducing system that is specific for a subtype of anaerobic ribonucleotide reductase restricted to methanogens from the orders Methanomicrobiales and Methanosarcinales [46] . In addition, the genome of some methanogens encodes Grx-like proteins, even though methanogens lack glutathione. A Grx-like protein from M. acetivorans was named methanoredoxin (Mrx) based on the ability to use coenzyme M, as well as glutathione, as a direct source of reductant [47] . Coenzyme M is a low molecular weight thiol found in all methanogens where it is directly involved in methanogenesis [2] . However, Mrx homologues are only found in roughly 50 % of methanogen species with sequenced genomes [47] , indicating that disulfide reduction by Mrx may also serve a more specialized rather than general function. The disulfide-containing targets of Mrx have not been identified. It is common for organisms to have more than one intracellular reducing system. For example, E. coli contains both Trx and Grx [8] . This appears true of at least some methanogens as well, in particular, members of Methanosarcinales. Nonetheless, despite the unique physiology of methanogens, one that relies heavily on ferredoxin and coenzyme F 420 as electron carriers, rather than NAD(P), the accumulated results indicate that the majority of methanogens likely use a canonical NADPH-dependent thioredoxin system.
In addition to a canonical thioredoxin system composed of MaTrxR-MaTrx7, M. acetivorans contains four additional intracellular Trx homologues. MaTrx1 is unique among the MaTrxs as it contains two additional cysteines [12] and an active site motif (CPYC) similar to Grx [8] . Also, unlike the other MaTrxs, not all of the cysteines in MaTrx1 were capable of thiol-disulfide exchange. MaTrx1 also lacked disulfide reductase activity, instead having low, but detectable, thiol oxidase activity. These results indicate that MaTrx1 is possibly an intracellular disulfide-forming enzyme (Fig. 6 ), but the importance of such an activity to methanogens is unclear. MaTrx2 has disulfide reductase activity but is not reduced by MaTrxR, and experiments with cell lysates did not link the reduction of disulfide-containing MaTrx2 to the oxidation of NADH, NADPH or F 420 H 2 . Thus, the redox partner(s) to MaTrx2 is unknown (Fig. 6 ). MaTrx2 homologues appear restricted to Methanosarcina [12] and may have a specialized function in these methanogens.
MaTrx4 and MaTrx5 are similar to one another and have the same CAKC active site motif [12] . Although the cysteines of both proteins could be oxidized and reduced, consistent with thiol-disulfide exchange activity, neither protein exhibited disulfide reductase, disulfide isomerase or thiol oxidase activities. Thus, the function and role(s) of MaTrx4 and MaTrx5 are also unclear and may be unrelated to known functions of Trx-related proteins.
Results from the expression of FLAG-tagged MaTrx3 and MaTrx6 demonstrate that the N-terminal signal sequence targets both proteins to the membrane of M. acetivorans, providing the first experimental evidence that methanogens possess membrane-associated Trx proteins. The signal peptide is also likely retained, as evidenced by the presence of full-length product detected by Western analysis in membrane fractions (Fig. 5) . Thus, the N-terminal sequence of both MaTrx3 and MaTrx6 likely serves to anchor each protein to the membrane, most likely on the extracellular surface. Although, MaTrx3 and MaTrx6 are homologous proteins and are within the same methanogen Trx clade [12] , they are clearly not functionally equivalent. Experimental results support that each protein is capable of thioldisulfide exchange; however, MaTrx6 is a disulfide reductase, whereas MaTrx3 is a thiol oxidase. The cellular location and activities indicate that MaTrx3 and MaTrx6 function in the formation and reduction of disulfides in membrane and/or extracellular proteins, respectively. M. acetivorans contains several membrane-associated and extracellular proteins with cysteines that are required for growth. For example, there are multiple CXXCH motifs in the 55 kDa cytochrome c encoded by MA_RS03460, which is involved in electron transfer by the Rnf complex, which is required for growth of M. acetivorans with acetate [48] . In bacteria and eukaryotes, extracellular thiol oxidases and disulfide reductases are documented to oxidize and reduce the CXXCH cysteines in apo-cytochrome c to stabilize and prepare the protein for haem insertion [26, 42, 49] . The involvement of these enzymes in the maturation of cytochrome c in methanogens has not been demonstrated. However, the altered levels of cytochrome c in the membranes of M. acetivorans as a result of the expression of FLAG-tagged MaTrx3 and MaTrx6 provide indirect evidence that MaTrx3 and MaTrx6 may play a role in the steps leading to haem insertion in apo-cytochrome c in this methanogen.
For MaTrx3 and MaTrx6 to function at the membrane of M. acetivorans, a membrane-associated redox partner(s) would be required to serve as an electron donor to MaTrx6 and an electron acceptor to MaTrx3. One probable redox partner to MaTrx6 is MA_RS22215, which encodes a homologue of CcdA. MaTrx6 is encoded upstream of, and possibly cotranscribed with, MA_RS22215. This gene arrangement is conserved in all Methanosarcinales [12] . In bacteria, CcdA functions to transfer reducing equivalents from intracellular Trx across the membrane to support the catalytic disulfide reductase activity of an extracellular Trx homologue. For example, in Bacillus subtilis, CcdA provides reductant to membrane-anchored ResA, a Trx homologue that is responsible for reducing the CXXCH disulfide in apo-cytochrome c [50] . Thus, it seems reasonable to propose that the CcdA homologue in M. acetivorans serves a similar role, supplying reductant to MaTrx6 from MaTrx7, the primary intracellular Trx (Fig. 6 ). For redox partners to MaTrx3, there are no obvious candidates encoded in the genome. A few systems have been characterized that use a thiol oxidase to catalyse the specific formation of disulfides in extracellular and/or periplasmic proteins. For example, DsbA is a Trx homologue that oxidizes thiols to disulfides in proteins, including the CXXCH motif of apo-cytochrome c, to increase protein stability in the periplasm of E. coli [26] . DsbA is re-oxidized by the cytoplasmic membrane protein DsbB, which then transfers electrons to the membrane-bound quinone pool [51] . The genome of M. acetivorans lacks genes for homologues of proteins known to serve a redox partners to extracellular thiol oxidases, such as DsbB. Determining the importance of MaTrx3 and MaTrx6 to the physiology of M. acetivorans, including the identification of redox partners and target proteins, will require additional experimentation and is currently underway.
Conclusions
The results presented here reveal that M. acetivorans contains seven Trx homologues with different functional properties and cellular locations. NADPH-dependent MaTrxR is specific for MaTrx7, and MaTrxR-MaTrx7 likely constitutes the general intracellular reducing system in M. acetivorans. Reducing equivalents are provided to the MaTrxR-MaTrx7 system through the oxidation of the primary methanogen electron carriers, F 420 H 2 and ferredoxin. Bioinformatic analyses indicate that the majority of methanogens also likely use an NADPH-dependent thioredoxin system. MaTrx3 and MaTrx6 are localized to the membrane of M. acetivorans, and they function to generate or reduce membrane and/or extracellular proteins, respectively. The physiological function(s) of MaTrx1, MaTrx2, MaTrx4 and MaTrx5 are unclear and will require additional experimentation to elucidate what roles these Trx homologues serve in the physiology of M. acetivorans.
